Abstract: Fe(II) coordination complexes are promising alternatives to Ru(II) and Ir(III) chromophores for photoredox chemistry and solar energy conversion, but rapid deactivation of the initial metal-to-ligand charge transfer (MLCT) state to low-lying (d,d) states limits their performance. Relaxation to a long-lived quintet state is postulated to occur via a metal-centered triplet state, but this mechanism remains controversial. We use femtosecond extreme ultraviolet (XUV) transient absorption spectroscopy to measure the excited-state relaxation of Fe(phen)3 2+ and conclusively identify a 3 T intermediate that forms in 170 fs and decays to a vibrationally hot 5 T2g state in 40 fs. A coherent vibrational wavepacket with a period of 250 fs and damping time of 0.66 ps is observed on the 5 T2g surface, and the spectrum of this oscillation serves as a fingerprint for the Fe-N symmetric stretch. The results show that the shape of the M2,3-edge X-ray absorption near edge structure (XANES) spectrum is sensitive to the electronic structure of the metal center, and the high spin sensitivity, fast time resolution, and tabletop convenience of XUV transient absorption make it a powerful tool for studying the complex photophysics of transition metal complexes.
Introduction
In the past several years there has been a surge of interest in Fe II polypyridyl complexes as chromophores for photocatalytic and photovoltaic applications, with the aim of replacing expensive Ru II and Ir III photosensitizers. [1] [2] [3] [4] This goal is challenging because the weaker ligand field of first-row transition metals creates a cascade of low-lying metal-centered states that rapidly deactivate the initial excited state. For example, both Ru(bpy)3 2+ (bpy = 2,2'-bipyridine) and Fe(bpy)3 2+ have metal-toligand charge transfer (MLCT) states that lie 2 to 3 eV above the ground state. However, the MLCT state of Ru(bpy)3 2+ has a lifetime of hundreds of nanoseconds whereas that of Fe(bpy)3 2+ decays within 200 fs into a low-energy 5 T2g state with 100% quantum yield. Consequently, the energy is wasted as molecular vibrations long before any useful photochemistry can occur. Chemists have tackled this challenge by engineering molecules that either raise the energy of the metal-centered excited states above the energy of the MLCT state (a thermodynamic solution) or displace/deform the excited-state potential energy surfaces of the metalcentered states to trap molecules in high-energy metastable MLCT or triplet metal-centered states (a kinetic solution). 3 These strategies have had some success: Fe II complexes with excited-state lifetimes as long as 528 ps have been described. 5 Despite these advances, there is still considerable uncertainty about the excited-state dynamics of Fe II polypyridyl molecules, due to the complex interplay between electronic, spin, and nuclear degrees of freedom. It has long been speculated that conversion of the MLCT state to the 5 T2g state occurs via a triplet metal-centered excited state ( 3 T2g or 3 T1g), but the role of this triplet remains controversial. Because the spin transition occurs in a region of the potential energy surface with curve crossings between multiplet states, the formation of a triplet intermediate cannot be ruled out on theoretical grounds. 6, 7 In addition, the formation of 3 As a result, the spectra are relatively insensitive to the spin state of the metal center.
Other spectroscopic techniques have afforded conflicting information about whether triplet states are generated upon excitation of Fe II polypyridyl complexes. By using the spin-selective technique of femtosecond Fe Kβ emission at a free-electron laser, Zhang et al. identified a spectroscopic signature consistent with formation of a triplet intermediate in Fe(bpy)3 2+ . 8 However, Auböck and Chergui used femtosecond ultraviolet transient absorption spectroscopy to show that Fe(bpy)3 2+ converts into a vibrationally hot 5 T2g state within 50 fs; these authors argued that this time scale was too short to admit a triplet intermediate. 9 More recently, Lemke et al. carried out ultrafast Fe K-edge X-ray absorption studies of Fe(bpy)3 2+ and concluded that the timedependent spectra are consistent with formation of a triplet intermediate. 10 Slow progress in the detection of these short-lived excited states can be ascribed in part to the scarce beamtime available at X-ray freeelectron laser facilities capable of performing femtosecond spin-selective spectroscopy.
In this work, we use tabletop femtosecond extreme ultraviolet (XUV) transient absorption spectroscopy to provide direct and unambiguous evidence that a metal-centered triplet intermediate is generated following MLCT excitation of the Fe II ophenanthroline complex Fe(phen)3 2+ . We also find that a coherent vibrational wavepacket on the 5 T2g surface leads to an oscillation in the transient spectrum that corresponds to the Fe-N symmetric stretch. Ligand field multiplet simulations confirm these assignments. These results illustrate the utility and power of X-ray absorption near edge structure (XANES) spectroscopy at the Fe M2,3-edge, a technique that is sensitive to the oxidation state and spin-state of the metal center as well as the ligand field symmetry and strength. [11] [12] [13] [14] [15] Experimental XUV Transient Absorption: The XUV probe is produced by high harmonic generation using a tabletop instrument described previously. 11, 16 Briefly, a Ti:sapphire driving laser (800 nm, 4 mJ, 35 fs, 1 kHz) is focused into a semi-infinite gas cell filled with 120 Torr of neon, where the intense electric field at the focal point generates a ~15 fs XUV pulse with a broad spectrum spanning 50 to 90 eV. Residual driving laser photons are attenuated by a Si mirror and a 100 nm thick Al filter. XUV photons are collected in transmission mode and dispersed by a diffraction grating onto an array CCD detector. The spectrometer resolution is 0.6 eV FWHM as measured from the atomic absorption lines of Xe. A secondary output from the driving laser is sent through a non-collinear optical parametric amplifier (TOPAS-White) to generate the pump pulse (35 fs, 535 nm). The instrument response time is 40 fs FWHM, as determined by measuring the rise of α-Fe2O3 transient absorption features. 13,17 Samples were deposited as ∼100 nm thick films on Si3N4 substrates. Further experimental details can be found in Sections S1 and S3 of the Supporting Information.
Ligand-field multiplet theory simulations: The procedure for computing LFM theory simulations of M2,3-edge spectra of metal-centered excited states using a modified version of the program CTM4XAS has been described in a previous publication. 14 Briefly, the metal center is modeled in terms of a parametric Hamiltonian containing electron-nuclear and electron-electron Coulombic interactions, spinorbit coupling and an electrostatic crystal field. 18, 19 The parameters used in the present study can be found in section S7 of the Supporting Information. The identities of the eigenstates of the Hamiltonian are assigned by expanding the spin-orbit coupled states in terms of pure-spin basis functions. M2,3-edge stick spectra are computed between eigenstates of 3p 6 3d N and 3p 5 3d N+1 configurations. Each transition is broadened by a Lorentzian whose width is determined by computing the Auger decay rate of the corresponding 3p 5 3d N+1 state. A floor of 1.0 eV is imposed to account for other decay channels. The transitions are further broadened by a Gaussian with σ=0.2 eV to account for finite instrumental resolution.
The simulated spectrum of the 1 A1g state of Fe II has been rescaled to 60% of the computed intensity in accordance with the experimentally observed intensity difference in the spectra of the 1 Figure 2B ). This similarity confirms that photoexcitated Fe(phen)3 2+ converts into a long-lived high-spin state.
Kinetic slices at select energies are shown in Figure 2D , with the data shown as open symbols; fits with and without the 3 T intermediate (discussed below) are shown as solid and dashed lines, respectively. Both the 57.0 eV peak and 54.5 eV shoulder show clear oscillations with a period of ~250 fs. The relative amplitude of the oscillation is strongest at 54.5 eV, where it is 25% of the average signal. The peak at 64.0 eV rises to a maximum at 90 fs before decaying to near baseline by 400 fs. This rise is considerably delayed compared to the 40 fs FWHM instrumental response function, indicating that this signal is not due to the directly pumped 1 MLCT state or the rapidly-formed 3 MLCT state. 22 The M-edge XANES spectrum is not sensitive to ferro/antiferromagnetic coupling between the metal and ligand spins, so the singlet and triplet MLCT states are expected to have identical spectra in this energy range.
Two different kinetic models were used to perform global fits of the transient M-edge XANES spectra of Fe(phen)3 2+ vs. time: (1) . In both models, the final 5 T2g state has an additional damped oscillatory component. The process of spin crossover accompanied by vibrational coherence is modeled using a spin-boson 26, 27 In both cases, the discrepancies between the computed and experimental frequencies are probably due to solid-state packing effects. The vibrational coherence of the final 5 T2g state has a damping time of 0.66 ± 0.01 ps. The damping rate of vibrational coherence in condensed phases is highly variable. Our value, measured from an amorphous/nanocrystalline sample, falls within the range previously measured from solution samples (e.g., 0.4 -1 ps depending on wavelength), 9,24 liquid jet samples (320 fs), 10 and crystalline solid samples (0.166 ps) 27 of related compounds. The timedependent state populations and spectroscopic components obtained from this three-state fit are shown in Figure 3A and B. Reconstructed kinetic traces ( Figure 2D ) closely match the experimental results.
The two-state model without the 3 T intermediate fits the spectroscopic features at 54.5, 57.0, and 67.0 eV equally well, but the 3 T state is required to reproduce the 64.0 eV feature. For this reason, we will confine the rest of the present discussion to the three-state model with the 3 T intermediate. A detailed discussion of the two-state model is given in Section S6 of the Supporting Information, along with a comparison of the residual from each fit.
Additional information about the species formed upon photoexcitation of Fe(phen)3 2+ is provided by the shapes of the spectral components deduced from the fit to the three-state model. As shown in Figure  3B , the spectrum of the MLCT state is quite weak, featuring a slight positive feature between 51 and 55 eV and a slight negative feature between 55 and 60 eV. As discussed in Section S8 of the Supporting Information, the low intensity of this transient spectrum is explained by a coincidental similarity between the 1 A1g ground state and Fe III 2 T2g MLCT spectra. The fit also shows that the 3 T component has an intense positive feature at 57.0 eV, a shoulder at 60.0 eV, and a strong positive peak between 63 and 67 eV. Finally, the spectrum of the 5 T2g component matches the 1 ps spectrum shown in Figure 2B , and the oscillatory component has two negative peaks at 54.7 and 56.8 eV.
These experimental components match ligand field multiplet (LFM) simulations carried out with the program CTM4XAS ( Figure 3D ). The extracted 5 T2g spectrum agrees well with the corresponding simulation, which contains strong positive features at 54.8 and 57.4 eV and a broad bleach from 61-70 eV. The 3 T1g simulation has peaks at 57.6 and 63.9 eV, which agree almost exactly with the spectrum of the intermediate deduced from the fit to the three-state model. As shown in Section S7 of the Supporting Information, a simulation of the 3 T2g transient spectrum is also a good match to experiment, so this experiment cannot confidently distinguish between the two triplet states. In either case, the experimental spectrum is more intense than what LFM simulations suggest. In view of the rapid excited-state dynamics, which especially in the case of the 3 T intermediate permit only a single passage through the transition state to 5 T2g, the first-order kinetic model used here will underestimate the population of the intermediate and overestimate its spectral contribution. 28 As noted above, a vibrational coherence with a period of 250 fs is observed on the 5 T2g surface. The spectrum of this oscillation serves as a fingerprint for the structural distortion activated by the spin crossover event. The most prominent structural difference between the Franck-Condon geometry and the relaxed 5 T2g geometry is the fully-symmetric expansion of the Fe-N cage, which in the computational framework used here is modeled as a decrease in the ligand field strength 10Dq. As shown in Figure 3C , the intensities of the 54.5 eV shoulder and 57.0 eV peak are inversely correlated with the ligand field strength.
Therefore, a vibrational wavepacket launched on the compressed side of the Fe-N potential surface (large 10Dq) will initially have low absorbance at these energies, and the signal at these energies will reach a maximum one half-period later at the outer turning point. This prediction is confirmed by the negative amplitude of the fitted oscillatory component in Figure 3C , which is an excellent match for the simulated component in Figure 3D . Note that the kinetic model used in the fit properly accounts for the phase of the vibrational wavepacket: for example the portion of the 5 T2g population that is launched at time t will be out of phase with the portion of the population launched at time (t + 125 fs), and their oscillatory components will cancel via destructive interference. Figure 4 summarizes the full excited-state relaxation dynamics. 
Prospec

S1 Additional data collection and experimental details
The instrument layout is shown in Figure S1A . A typical spectrum of the probe beam is shown in Figure  S1B . At the sample position, the probe beam size was measured using a knife-edge scan to be 80 μm FWHM and the pump beam set to be ~200 μm FWHM. The sample was pumped at 3.5 mJ/cm 2 , corresponding to ~12% excitation per pulse. This excitation fraction is calculated using the known pump fluence and the sample absorbance at 535 nm. Nitrogen gas cooling was employed to avoid sample heating and damage. 1 Neither pump-induced nor XUV-induced damage was observed under these conditions, confirmed by periodically comparing ground state absorption of a pumped area on the sample to a pristine area. During processing, ~10% of scans were discarded due to fluctuations in the XUV probe. The spectral region from 65-67 eV was averaged and any single scan which differed from the average by ± 4 mA was discarded. This data set was collected over three days for a total of ~30 hours of data collection including concurrent α-Fe 2 O 3 transient absorption. Fe(H 2 B(pz) 2 ) 2 bpy was synthesized according to published procedures. 2 The sample consisted of a ~150 nm thick film deposited on a 100 nm Si 3 N 4 free-standing membrane by vacuum sublimation. To collect variable temperature M 2,3 -edge spectra, a thin film of Fe(H 2 B(pz) 2 ) 2 bpy was loaded into a home-built bath cryostat, with a temperature range of 85 -300 K. An aluminum sample cell is attached to a liquid nitrogen filled cold finger via a small copper rod, with an aluminum flange making up the base of the cold finger to increase heat transfer to the sample cell. The cold finger is attached to a 3-axis manipulator out of vacuum which moves the sample into the XUV beam path. Spectra were collected at 295 (HS) and 85 (LS) K using the same sample on the same day.
S3 Sample preparation of Fe(phen) 3 (SCN) 2
Thin films of Fe(phen) 3 (SCN) 2 were prepared by reactive sublimation of Fe(phen) 2 (NCS) 2 as described by Ellingsworth et al. 3 Fe(phen) 2 (NCS) 2 powder was loaded into a boron nitride crucible and loaded into a homebuilt vacuum sublimation chamber. The chamber was pumped down to a pressure of ~1x10 -5 Torr and the crucible heated to 300 °C. UV-Vis spectra of the films were then recorded to confirm the complex was deposited as Fe(phen) 3 (SCN) 2 and to estimate sample thickness ( Figure S3 ). Therefore, the absorption spectrum is given by
in terms of energy.
Let us now consider the case of pump-probe response of vibronic spin-crossover system. The time evolution of is given by the phenomenological master equation as follows: where is the step function and erf is the error function. E , E , E .
S5 Exploration of fitting parameter space by random sampling
In order to assess the extent to which our choice of starting parameters is biasing the result of the fit, we conducted a broad exploration of the parameter space by initiating least squares refinement from randomly generated starting conditions. Least squares refinement was carried out using a method based on the variable projection method of Golub and Pereya
5
. Here, we will give a brief description of the method.
Let be a matrix containing the pump-probe signals with each row being a difference spectrum at the corresponding delay time. Let be a matrix containing inverses of the standard errors of pump-probe observations. Let be a matrix containing the time-dependent part of the model i.e. a row of is ρ , ρ , ρ , . The kinetic parameters of the model are absorbed into the vector argument i.e.
. The spectral parameters are absorbed into the matrix E E E E where the rows range over the energy points.
The goal is then to find the optimal and that minimize ‖ ∘ ‖ where ‖⋅‖ denotes Frobenius 2-norm and ∘ denotes element-wise product. It can be shown that given a fixed , the corresponding optimal is given by * * * ⋯ * ⋯ where * ∘ , diag , (and ) are the 'th column of (and ), and ⋅ denotes the Moore-Penrose inverse. Therefore, the problem is reduced to finding the optimal that minimizes ‖ * ∘ ‖ . This algorithm was implemented using the SciPy (version 1.2.1) package running on Python 2.7.15. Randomized starting parameters were drawn from uniform distributions (Table S1 ). One hundred trials were carried out. The outcomes fall into five classes (Table S2 ). The vast majority of trials converged to either of two classes of outcomes (classes 3 and 4) corresponding to inverted kinetics ( > ) and non-inverted kinetics, respectively. The fits from Class 3 are used in the main text, as the inverted kinetic description is standard in the literature of Fe II spin crossover. 
S8
S6 Kinetic modeling results neglecting the triplet contribution
The component spectra extracted using a kinetic model analogous to that described in Section S4 but with triplet deleted are shown below ( Figure S5 right) . The component spectrum of the 5 T 2g state is nearly identical to that extracted from the full model, whereas those of the oscillation amplitude and the MLCT state differ slightly in the region around 65 eV.
The residual maps (reconstruction minus experiment) of the models and energy slices at select times are shown in Figure S6 . It is clear that the model without the triplet is unable to fully account for the pumpprobe signals around 65 eV, especially at around 10 fs and at around 100 fs ( Figure S6D) , even with the modifications in the MLCT spectrum and the oscillation amplitude. Including the triplet not only better accounts for the experimental signal around 65 eV at early times, but also leads to an overall reduction in residual ( Figure S6A&B ). Figure S7 and Figure S8 . The only major difference between the two is the height and width of the peak around 57 eV. shift slightly in energy, but the overall three-feature structure is preserved ( Figure S9 ). We note that as opposed to the M-edge transitions from the singlet and quintet states ( Figure 1B in the main text), the transitions from the triplet states are difficult to describe intuitively, as spin-orbit coupling mixes the closely-spaced core-hole states. For example, whereas in the singlet, the lowest-energy transition on the weak-field side is a combination of 
